In this study, a biofilm growth reactor system is used to study dual-species biofilms and the efficacy of plasmid transfer within biofilms. The finding that high-efficient plasmid transfer could easily take place within biofilms could be of great importance for addressing the issue of potential problems with biofilms in food industry. 
Introduction
Biofilms are the favorable lifestyle of bacteria as they create an advantageous and protective environment. According to Donlan and Costerton (2002) , a biofilm is defined as 'a microbially derived sessile community characterized by cells that are irreversibly attached to a substratum or interface or to each other, are embedded in a matrix of extracellular polymeric substances that they have produced, and exhibit an altered phenotype with respect to growth rate and gene transcription'. In food industry, biofilms can become a persisting source of contamination. They can be found everywhere: on the food processing equipment, on the walls or floors of the workspaces, on the walls of storage/transport tanks, or even on the food itself. Both spoilage as pathogenic bacteria can be involved, threatening both the quality of the product as human health. Consequently, this contamination imposes an enormous annual cost of millions (Brooks & Flint, 2008) . Concerns for food safety related to biofilms in the food industry have been raised for example in the produce industry (Jahid & Ha, 2012) , the dairy industry (Marchand et al., 2012) , and the meat industry (Sofos & Geornaras, 2010) .
Another important public health aspect associated with the occurrence of biofilms in the food industry is the inherent higher resistance to antimicrobial agents. Several factors can play a role in this feature, such as the matrix, the growth rate, the heterogeneity within the biofilm, the general stress response, quorum sensing, the induction of a biofilm phenotype, and efflux pumps (Mah & O'Toole, 2001; Drenkard, 2003) . Besides this inherent resistance, bacteria in biofilms can acquire additional antibiotic resistances from other organisms by horizontal gene transfer. In horizontal gene transfer, three main mechanisms can be distinguished: conjugation (mobile genetic elements are being transferred from a donor to a recipient cell), transformation (uptake of naked DNA), and transduction (bacteriophages as transporters of genetic information). The occurrence of conjugation and transformation in biofilms has been reviewed by Molin and Tolker-Nielsen (2003) , and it is becoming more and more clear that both conjugation and transformation are interconnected with biofilm formation (Luo et al., 2005; Reisner et al., 2006; Madsen et al., 2012) . The presence of plasmids can positively influence biofilm formation (Ghigo, 2001; Dudley et al., 2006; Burmølle et al., 2008) , but it can also have a negative effect as was shown by Røder et al. (2013) .
As mixed species biofilms are a better representation of biofilms found in the food industry, dual-species biofilms were used in this study. The choice of the bacteria was based on their role in the food industry, namely Pseudomonas putida was used as a model for food spoilage organisms, as this environmental species can cause spoilage of, for example, vegetables (Settanni et al., 2013) and milk (He et al., 2009) . Escherichia coli was chosen as a model for pathogenic organisms. Although E. coli is a commensal species in humans and animals, pathogenic variants, for example Shiga toxin-producing E. coli (STEC), exist. Previous studies on different food types such as milk, vegetables, or fish, have also used P. putida as an example of spoilage organisms and E. coli as an example of pathogenic bacteria (Gunasekera et al., 2002; Feliciano et al., 2010; Settanni et al., 2013) .
As biofilms are on one hand an important issue in the food industry and on the other hand ideal environments for horizontal gene transfer, the goal of this study was to (1) quantify dual-species biofilm formation and (2) analyze plasmid transfer in these biofilms. For this purpose, three models were used which differed from each other in the attachment material and in the flow configuration. The attachment material used was stainless steel, silicone, and glass. Stainless steel is the preferred material in the food industry because of its chemical, bacteriological, and organoleptical neutrality, its ease to clean, its durability, and its mechanical characteristics (Zottola & Sasahara, 1994; Marchand et al., 2012) . The two biofilm models used are flow displacement models (Coenye & Nelis, 2010) . While in the flow-through system, the biofilm is formed under continuous flow conditions with no direct contact with air, the drip-flow system provides an environment for biofilm formation close to the air-liquid interface (Buckingham-Meyer et al., 2007; Goeres et al., 2009 ). Both models are representative for the food processing environment as the flow-through configuration can be interpreted as model for pipes and tubing, while the drip-flow configuration can stand as a model for conveyor belts or places where drops from leakages hit a metal surface. To our knowledge, it is the first time that a drip-flow reactor in this configuration is used to study plasmid transfer.
Materials and methods

Strains, plasmid, and growth conditions
In this study, P. putida SM1443 (Christensen et al., 1998) , which carried the pB10 plasmid, was used as donor strain, and the laboratory strain E. coli DH5a was used as recipient strain. The broad-host-range plasmid pB10, belonging to the IncP-1b subgroup, was isolated from a wastewater treatment plant and contains resistance to the antibiotic agents amoxicillin, streptomycin, sulfonamides, and tetracycline and to inorganic mercury ions (Dr€ oge et al., 2000) . The plasmid was marked with a gfp gene and a kanamycin resistance gene by the insertion of the mini-Tn5-Km-P A1-04/03 ::gfp cassette (Van Meervenne et al., 2012) . The presence of the gfp gene enabled the detection of transconjugants by flow cytometry as the donor strain carried the mini-Tn5-lacI q cassette in its chromosome, preventing the expression of the gfp gene in the donor (Christensen et al., 1998) .
Preparation of the cultures for inoculating the reactors was the same for the donor and the recipient strain, except that the donor strain was incubated at 28°C while the recipient strain was incubated at 37°C, and was standardized as follows: stock cultures of the strains were inoculated on Luria-Bertani (LB) agar plates (10 g tryptone, 5 g yeast extract, 5 g NaCl and 15 g agar per liter). For the donor strain, the LB agar plates contained kanamycin (50 lg mL
À1
). After overnight incubation, one colony was transferred to 5 mL LB broth. The next day, the OD 610 nm of this culture was adjusted with LB broth to 0.3, and 2 mL of the adjusted culture was added to 250 mL LB broth. After overnight growth, the culture could be applied to the reactor, having an OD 610 nm between 0.8 and 1.1 for P. putida and between 1.0 and 1.3 for E. coli DH5a.
Biofilm growth reactor
To analyze plasmid transfer in biofilms, in-house reactors were built, combining two different flow displacement models, a flow-through system and a drip-flow system (Fig. 1) .
The analyzed flow-through system of each reactor consisted of 4 cm silicone, peroxide cross-linked tubing (VWR International, USA) followed by a glass flow cell consisting of 5.8-6.0 cm borosilicate square tubing (Friedrich & Dimmock Inc., USA). Both flow-through systems had an inner diameter of 1 mm. Last in line was the drip-flow system, which was created by enclosing a stainless steel (316L) coupon (7.5 9 2.5 cm) in the reactor on which inocula or media drip. The stainless steel coupons were first cleansed according to the protocol used by Speranza et al. (2011). The reactors were autoclaved and subsequently placed at an angle of 10° (Goeres et al., 2009) .
Biofilm growth and plasmid transfer conditions
The reactors were placed at 28°C. In total, eight reactors, containing three types of biofilms, were analyzed. Two inoculation procedures were applied. A first series of four reactors was first inoculated with the donor strain, while the second series of four reactors was first inoculated with the recipient strain. Table 1 gives an overview of the different biofilm models. Before the start of the experiment, 0.1 9 LB medium was pumped in the reactor for half an hour. Inoculation of the reactors with the first strain was done by pumping an overnight culture during 6 h at a rate of 21-24 mL h À1 . The rate was kept stable for each reactor, and it corresponded to 15-16 droplets min À1 for the drip-flow system. The second strain was provided to the system in the same manner 48 h after the start of the experiment. Between and after the inoculation of the strains, 0.1 9 LB medium was applied to the reactor. The reactor was stopped 96 h after the start of the experiment. Subsequently, the stainless steel coupons, the silicone tubing, and the borosilicate tubing were removed for analysis.
Biofilm analysis
The stainless steel coupons were washed three times in 0.85% NaCl. The biofilms were removed from the stainless steel with a sterile swab, which was subsequently wringed in a falcon tube containing 10 mL 0.85% NaCl. This was repeated with a second sterile swab. The biofilms attached to the silicone tubing and to the glass flow cell were removed by passing five times 1 mL 0.85% NaCl through each side into a falcon tube. The falcon tubes were vortexed, and biofilms or cell clumps were further mechanically disrupted by pipetting the fluid through a 0.6-mm needle three times.
To analyze the obtained solution, a culture-independent technique, flow cytometry, was chosen as it was not known whether the conditions encountered by the bacteria in the reactor would be able to induce the viable but nonculturable (VBNC) status. By flow cytometry, the total biomass (cells cm
À2
) and transfer ratio (number of transconjugants/ total cell count) were determined. Detection and quantification of (transconjugant) bacteria by flow cytometry were performed with a Cyan ADP Flow Cytometer (Dako, Denmark), using the 488-nm laser. The dilution factor was visually assessed and ranged from 10 to 1000. Dilutions were made with filter-sterilized Evian water. Samples were analyzed without and with a live/dead staining. The staining solution contained propidium iodide and SYBR â Green I, and it was prepared as described by De Roy et al. (2012) . The unstained samples consisted of 980 lL of the diluted sample, 10 lL Na 2 EDTA (500 mM, pH 8), and 10 lL Dako Cytocount beads, while the stained samples consisted of 970 lL of the diluted sample, 10 lL Na 2 EDTA (500 mM, pH 8), 10 lL live/dead staining, and 10 lL Dako Cytocount beads. The beads were used to determine the cell concentration. FL1 fluorescence emission was collected with a photomultiplier tube using a 530/40 emission filter, for FL2 and FL4 fluorescence a 575/25 and 680/30 emission filter was used, and side light scatter (SSC) was collected using a 488/10 emission filter. The sheath fluid consisted of Milli-Q water. The threshold trigger was set to SSC for the unstained samples and to green fluorescence for the stained samples. The analysis of a sample was performed by collecting data for 1 min in threefold. SUMMIT v4.3 software was used to process the results. By analysis of the unstained samples, the number of transconjugant cells could be determined on a FL1 vs. FL2 plot, while analysis of the stained samples determined the total cell count using a FL1 vs. FL4 plot. The total cell count equals the sum of the live and dead cell counts.
Filter mating
In previous experiments, plasmid transfer between E. coli DH5a and P. putida SM1443 (pB10::gfp) was studied by filter mating. The filter mating and analysis by flow cytometry were performed as described by Van Meervenne et al. (2012) .
Denaturing gradient gel electrophoresis
Denaturing gradient gel electrophoresis (DGGE) was used to exclude contamination of the cultures or the biofilms and to obtain an idea of the relative abundance of P. putida and E. coli in each biofilm. Therefore, both donor and recipient cultures as samples from the different biofilms were analyzed by DGGE. DNA extractions were performed according to Boon et al. (2000) . DGGE was applied to separate PCR products of 16S rRNA genes obtained with general bacterial primers (338F-GC and 518R) (Muyzer et al., 1993) . The PCR products were loaded onto 8% polyacrylamide gels with a denaturing gradient from 45% to 60%. The gels were run on an Ingeny PhorU-2 9 2 apparatus (Ingeny International, The Netherlands). Analysis was carried out using BIONUMERICS software version 5.10 (Applied Math, Belgium). Previous studies have evaluated the potential of DGGE as a semi-quantitative tool (Riemann et al., 1999; Casamayor et al., 2000; Schauer et al., 2000; Lyautey et al., 2005) . To assess the relative abundance of P. putida and E. coli, the ratio of the peak height for one of each strains to the sum of the peak heights for P. putida and E. coli was determined.
Statistical analysis
All statistical analyses were performed in R. The significance level was set at 0.05. Normality of the residuals was studied by means of QQ-plotting and the Kolmogorov- Smirnov test. Biomass density, transconjugant density, and plasmid transfer ratio were log-transformed so that normality of the residuals was respected. Homoscedasticity of the variances was assessed using the modified Levene's test. Significant differences were detected using one-way ANOVA followed by post hoc analysis according to Tukey. Outliers were detected by calculating studentized residuals. Their impact on the outcome of the statistical model was evaluated using DfFITS and Cook's distance.
Results and discussion
We analyzed the potential of plasmid transfer among bacteria growing in biofilms, formed in model systems that are representative for food industry (Fig. 1) . The models were placed in a serial order with the last one being the drip-flow system, in which the preferred material of the food industry, namely stainless steel, was used. In the flowthrough system, the glass flow cell was chosen as this setup is regularly used in biofilm studies. For the third model, a flow-through system as well, a material was used that was air permeable and that could be found in the food industry, namely silicone. For these three different attachment materials, two inoculation procedures were applied (Table 1) . A first inoculation procedure involved the formation of plasmid-donating biofilms and subsequent inoculation with a recipient strain. In the second inoculation procedure, biofilms were formed with a plasmid-receiving strain upon which the donor strain was added.
Biofilm biomass
To compare the biomass obtained in the different biofilm models, biomass density was calculated as the log number of cells per cm 2 (Fig. 2) (Fig. 2) . The reason for this outlier is unclear to us. The reactors were composed and run pairwise under the same conditions. Furthermore, the OD 610 nm of the inocula was comparable to both the recipient as the donor strain (data not shown). Based on the DfFITS and Cook's distance analyses, it was concluded that the outlier had a strong influence on the outcome of the statistical model, and it was therefore decided not to include this value.
It is difficult to explain why the highest biomass density was obtained in the silicone tubing with the second inoculation procedure. Bacterial attachment is influenced by a variety of factors, including bacterial features (e.g. bacterial hydrophobicity, cellular surface charge, surface structures, and outer membrane proteins), but also features of the used material (e.g. chemical composition, surface roughness, hydrophobicity) and features of the surrounding environment (Goulter et al., 2009; Shi & Zhu, 2009 ). Previous studies have found, for example, that anaerobic conditions inhibit E. coli biofilm formation (Col on-Gonz alez et al., 2004; Cabellos-Avelar et al., 2006); however, in biofilm flow cells, traces of oxygen are expected, and the silicone tubing used is air permeable. Another factor that can influence the bacterial attachment is the hydrophobicity of the material. Both the silicone tubing and the stainless steel are hydrophobic material, while glass is hydrophilic. Andersen et al. (2010) showed using uropathogenic E. coli that the influence of the hydrophobicity of the contact material is not species-dependent but rather isolate dependent.
Interestingly, DGGE analysis indicated that the relative abundance of E. coli DH5a was much higher in both flow-through systems when the recipient strain was inoculated before the donor strain (Fig. 3) . In the other biofilm Table 1 for the abbreviations. Circles represent the separate values of the replicates, while the line represents the average of the model. The circle between the brackets represents the outlier, which was not included in the analysis. Mean values sharing common lowercase letters are not significantly different (P < 0.05). Fig. 3 Estimated relative frequency of Pseudomonas putida and Escherichia coli in the different biofilm models (n = 4, for DR-GF n = 3) determined by DGGE. See Table 1 for the abbreviations. models, a comparable relative abundance was found for both E. coli and P. putida. The lack of oxygen may possibly play a role herein. Very few studies which worked with E. coli and P. putida biofilms looked at the abundances of the strains. Castonguay et al. (2006) found equal concentrations of E. coli and P. putida in mixed biofilms, formed in glass tubes, while Gilbert et al. (2003) found a significantly higher proportion of P. putida in mixed biofilms formed in flow cells, which was attributed to the different ability to adhere of the two strains. However, these studies were not conducted with the same experimental design, which complicates the comparison of results. The process that was mimicked in our experiments was coadhesion, which means that planktonic cells adhere to biofilm cells (Bos et al., 1994; Rickard et al., 2003) , while in the two mentioned studies, the inoculum was mixed.
Overall, the results indicate that for the biomass, it is difficult to assign determining factors, but it seems that order of inoculation and attachment material rather than flow configuration may play a role. Considering the relative abundances of E. coli DH5a and P. putida SM1443 (pB10:: gfp), it appears that depending on the order of inoculation, the flow configuration can have an influence.
Plasmid transfer
In the present study, plasmid transfer ratio was expressed as the log of the ratio of the number of transconjugants to the total cell count. In previous experiments, the transfer ratio was determined for filter mating. In those experiments, an average transfer ratio of 1/100 was obtained (data not shown). In the biofilm models, the average transfer ratio for the first inoculation procedure (donor-recipient) ranged between 2/100 and 1/10, and no significant difference was found between the three models (Fig. 4) . With the other inoculation procedure (recipient-donor), the average transfer ratio ranged between 5/10 000 and 8/100. The transfer ratio obtained for the three models using this inoculation procedure differed significantly from each other. Furthermore, the RD-ST model differed significantly from the DR-ST model, indicating an influence of the order of inoculation involved. As donor and recipient strain are not the same strain with or without the plasmid, it is difficult to obtain indications about the influence of the plasmid.
Biofilms are considered to be hot spots for plasmid transfer. Several studies have found higher transfer frequencies under biofilm conditions than with planktonic cultures (Lampkowska et al., 2008; Nguyen et al., 2010; Hennequin et al., 2012; Savage et al., 2013) . The plasmid used in this study, pB10, belongs to the incompatibility group IncP-1b. The IncP-1 plasmids, which are known to encode short rigid pili, transfer best in surface matings (Bradley et al., 1980; Bradley, 1983) . Comparing the obtained transfer results with the results of previous studies is difficult due to differences in experimental design, such as reactor design, used strains and plasmids, inoculation methods, detection methods, etc. For instance, De Gelder et al. (2005) found that, when using the same plasmid (pB10, rfp labeled), the diversity of transconjugants depended on the chosen donor and on the mating type. Furthermore, Lilley and Bailey (2002) showed that the recipient had a significant influence on the transfer efficiency of pQBR11-V1 from P. putida. In both studies, the same donor strain as in this study was used. High transfer ratios were obtained in the present study, both for the flow-through as for the drip-flow conditions. This is in contrast to the study of Kr ol et al. (2011) who found a very low occurrence of plasmid transfer in submerged biofilms formed in closed horizontal flow cells under different conditions, but a large number of transconjugants in a biofilm formed at the airliquid interface. An explanation for this could be the observed spatial separation of donor and recipient cells as for the biofilm formation of the strains they used (E. coli K-12), the presence of conjugative plasmids (in this case pB10) was required. Furthermore, these authors found that there was no statistically significant difference in conjugation efficiency between aerobic and anaerobic matings with aerobically grown donor and recipient cultures. Nevertheless, our study also indicates that the air-liquid interface can be a place of preference for plasmid transfer.
In our experiments, no clear link between transfer ratio and surface hydrophobicity could be observed. In a previous study in which plasmid transfer was analyzed in biofilms formed on hydrophilic and hydrophobic glass beads, a more efficient transfer was observed on the hydrophilic surface (Angles et al., 1993) . A possible explanation for this was the difference in biofilm structure as it appeared that morphological changes were induced in the marine bacterium that was used in this study. On the hydrophobic surface, tightly packed biofilms were formed while on the hydrophilic surface, tangled filaments were formed that could possibly trap more donor cells resulting in greater gene transfer frequencies (Dalton et al., 1994) . Table 1 for the abbreviations. Circles represent the separate values of the replicates, while the line represents the average of the model. The circle between the brackets represents the outlier, which was not included in the analysis. Mean values sharing common lowercase letters are not significantly different (P < 0.05).
In conclusion, the obtained results suggest that depending on the order of inoculation, an effect of biofilm model on plasmid transfer ratio can occur. Furthermore, this study also demonstrated that the drip-flow configuration can be used to study plasmid transfer.
The threat that the presence of antibiotic resistance in the food industry poses on human health has recently been reviewed (Capita & Alonso-Calleja, 2013; Verraes et al., 2013) . Using two different flow configurations and three different attachment materials, it was shown that (1) biofilms were easily obtained in models relevant to the food industry and (2) a multiresistance plasmid could easily be transferred in the different biofilm models. Together, these results highlight the importance of biofilms in the food industry as hot spots for the acquisition of multiresistance plasmids next to their obvious contamination potential.
